INTRODUCTION
The opening of a deepwater passageway between Australia and Antarctica in the late Eocene and early Oligocene [Kennett et al., 1975; Exon, Kennett, Malone et al., 2001) , and the subsequent opening of the Drake Passage a few million years later [Barker, 2001) , were critical events in the development of the Antarctic Circumpolar Current and the ensuing cooling of the Earth's 5 climate in the late Tertiary. In this paper we present a series of plate reconstructions showing how the Tasmanian Gateway developed as a result of the relative motion of the Australia, Antarctic, and Pacific plates and several small continental fragments. The motion of these plates has been broadly known since the mid-1970's [e.g. Weisse[ and Hayes, 1972; Molnar et al. , 1975; Weisse[ et al., 1977) . However, there were large uncertainties in the early studies because of the poor magnetic and bathymetric data coverage in many areas of the southern oceans. With the determination of a detailed global gravity field from satellite altimetry data ( Figure 1 ) [Sandwell and Smith, 1997) , revealing the location of fracture zones and other tectonic features in the most remote portions of the oceans, and with the advent of GPS-navigated, swathmap bathymetry surveys, there has been considerable improvement in our understanding of the tectonics of the southern oceans. These developments include better constraints on the relative motion between the Pacific and Antarctic plates [Camie et al., 1995) , a better understanding of the rifting and seafloor spreading history between the Pacific and Australia plates [Sutherland, 1995; Keller, 2003) , marine magnetic anomaly constraints on the Cenozoic motion between East and West Antarctica [Cande et al., 2000a] , and better constraints on the motion between the eastern and western portions of the South Tasman Rise [Royer and Rollet, 1997; Exon et al., 1996) .
We use these newer constraints to derive a series of plate reconstructions of the Pacific-Antarctic-Australia region. The oldest reconstruction that we present is for Cbron 27 (61.1 Ma; Cande and Kent, 1995) . We selected this time as a starting point because uncertainties in reconstructions become substantially greater prior to Chron 27. A major problem is that the spreading rate on the Southeast Indian ridge (SEIR) was very slow (<10 mm/yr; all spreading rates cited in this paper are half rates) prior to anomaly 20 (43.8 Ma) [e.g. Veevers et al., 1990) and it is very difficult to identify anomalies older than anomaly 24. Consequently, there is considerable controversy about the identification of the oldest anomalies in the Australia-Antarctic basin. For example, although it has been proposed that anomalies as old as anomaly 34 (83 Ma) are present in the Australia-Antarctic Basin [Cande and Mutter, 1982) and that seafloor spreading started around 95 Ma (Veevers, 1986) , recent seismic reflection data suggest that the oldest seafloor spreading anomaly is anomaly 33 (79 Ma) [Sayers et al., 2001) . In the area immediately west of Tasmania, the oldest anomaly definitely identified by Royer and Ro/let (1997) was anomaly 18 (40 Ma). Similarly, although there are good constraints on the relative motion between East and West Antarctica back to Chron 20 [Cande et al., 2000a] , and a rough estimate can be made for East-West Antarctic motion based on seafloor spreading constraints back to Chroo 27 [ Cande et al. , 2000b] , there are very few constraints on East-West Antarctica separation prior to Chron 27.
CONSTRAINTS
The basic data for these reconstructions are rotation parameters for pairs of individual plates, generated from magnetic anomaly and fracture zone data. These rotation parameters and the distribution of the magnetic anomaly and fracture zone data allow us to define seafloor isochrons on each plate, to visualize the changes in the plate configuration through time. The complete set of isochrons is shown in Figure 2 . In addition we include trends of a few important tectonic features discussed in the text such as selected triple junction traces, rifted margins, and fossil spreading centers. CANDE AND STOCK 7 The isochrons that we used in these reconstructions are tied to specific rotation parameters, as follows: for each time, we rotate anomaly picks and fracture zone locations from one plate back to the conjugate plate. We then use both the rotated and unrotated anomaly and fracture zone positions to draw the isochroo on the conj ugate plate. The isochron is digitized and then rotated back to the initial plate. In this way, the isochrons from the two plates are so defined as to superimpose exactly when reconstructed by the appropriate rotation. In the following section we describe the data sets and rotations in detail.
Australia-Antarctica
The basic spreading history on the Southeast Indian Ridge (SEIR) was established by Weisse [ and Hayes (1972) . who . Lines of triangles represent failed spreading centers. Ages of isochrons, from Cande and Kent (1995] are as follows: So, 10.9 Ma; 6o, 20.1 Ma; 80, 26.6 Ma; 130, 33.5 Ma; 170, 37.5 Ma; 20o, 43.8 Ma; 24o, 53.3 Ma; 27, 61.1 Ma; 270, 61.2 Ma; 28, 62.5 Ma; 29y; 30, 65 identified magnetic anomalies back to anomaly 22. Cande and Mutter [1982] showed that the spreading rate on the SEIR prior to anomaly 18 was very slow (<10 mm/yr) and proposed that the oldest anomaly was anomaly 34. Veevers [1986] suggested that the Continent-Ocean Boundary was located at the seaward limit of the magnetic quiet zones found adjacent to both the Australia and Antarctic continental margins and calculated that seafloor spreading started around 95 Ma. 1ikku and Cande [1999, 2000] analyzed magnetic anomaly data collected by the Japanese National Oil Company (JNOC) off of Wilkes Land (Ishihara et al., 1996) and derived a revised set of rotations for the early opening history (Chron 20 and older). An important aspect of the spreading history on the SEIR is that east of the Balleny Fracture Zone (FZ) (see Figure 1) , anomalies older than anomaly 8 (26.6 Ma) are spreading faster than would be expected for Australia-East Antarctica spreading based on the rest of the SEIR [Stock and Molnar, 1982; Royer and Sandwell, 1989] . Cande et al. [2000a] showed that these anomalies reflect Australia-West Antarctica spreading. The boundary between the Australia-East Antarctica and Australia-West Antarctica spreading, which lies east of the Balleny FZ, is shown by the line of dots south of the South Tasman Rise in Figure 2 .
In this paper we use the rotations of 1ikku and Cande [2000] for anomalies 20 and 24 and an unpublished rotation for anomaly 27. The magnetic lineations for anomalies 20 and older in the Australia-Antarctic basin are from 1ikku and Cande [1999] . For the younger anomalies we generated revised isochrons and rotations for the SEIR using data from NGOC and JNOC. We calculated rotations for anomalies 13 and older in the region east of the Balleny FZ that formed by spreading between Australia and West Antarctica by summing Australia-East Antarctica rotations with East Antarctica-West Antarctic rotations. Rotations for AustraliaEast Antarctica motion are given in Table 1 . These rotations were used in Cande et al. [2000a] . Ages are from Cande and Kent ( 1995) . Rotations for 20o and 240 are from Tikku and Cande (2000) . Counterclockwise rotations are positive angles.
Pacific-Antarctica
In the first comprehensive study of Pacific-Antarctica motion, Molnar et al. [1975] identified anomalies as old as anomaly 32 and estimated that the onset of seafloor spreading was roughly 81 Ma. Stock and Molnar (1987] showed that the magnetic anomalies and fracture zones that formed during the earliest phase of spreading (prior to Chron 25) require that there was a separate plate, named the Bellingshausen plate, east of the Marie Byrd Seamounts, and that true PacificAntarctic motion prior to Chron 25 was confined to the region between the Campbell Plateau and Marie Byrd Land. Mayes et al. [1990] used satellite-derived gravity data to help constrain revised Pacific-Antarctic rotations. collected magnetic and swathmap bathymetry data along a high latitude flowline which provided strong constraints on the rotations. Heinemann et al. [1999] analyzed data from the older anomalies and fracture zone trends off of Marie Byrd Land and were able to better define the motion of the Bellingshausen plate. Larter et al. (2002] and Cunningham et al. [2002] have reported additional constraints on the Bellingshausen plate anomaly pattern.
In this paper we use previously unpublished rotations based on data in to generate isochrons between the Pacific and Antarctic plate, using procedures described by Royer and Chang [1991] . In addition, we use constraints given in Heinemann et al. [1999] to map the isochrons on the Bellingshausen plate prior to Chron 27. The location of the region that formed by spreading between the Bellingshausen plate and Marie Byrd Land, located near the Marie Byrd Seamounts, is outlined by two lines of dots in Figure 2 ; the conjugate plate boundary on the Pacific plate is identified by a line of dots near the Bollons Seamount. The rotations for Pacific-Antarctic motion are given in Table 2 .
Near the Iselin Bank, a graben called the Iselin Rift offsets magnetic anomalies 25 to 28 east of the Emerald FZ. The Iselin Rift is indicated by a line of triangles in Figure 2 . We find that a clockwise rotation of the lselin Bank and adjacent pieces of oceanic crust is necessary in order to align the strands of the Emerald FZ on the Antarctic plate with the [Cande et al., 2000b] . We incorporate this rotation (Table 3) in our reconstructions (see discussion under chron 27 reconstruction later in this paper).
East-West Antarctic Motion
Oceanic crust in the western Ross Sea northeast of Cape Adare, orthern Victoria Land, was generated by slow spreading between East and West Antarctic between Chrons 20 and 8 [Cande et al., 2000a] . The boundary of the crust generated by this spreading is shown in Figure 2 by two line of dots. We have concluded that the Adare Trough, a prominent graben northeast of Cape Adare, is a fossil rift valley that formed when spreading in the Adare Basin ceased around Chron 8. Spreading rates calculated from magnetic anomalie straddling the Adare Trough are con itent with the faster Au tralia-West Antarctic spreading rates observed in the region east of the Balleny FZ discussed above. Cande et al. [2000a] showed that the rotation pole for this episode of East-West Antarctic separation was far enough removed from the Ross Sea region to require a ubtantial opening (-150 km) of the western Ross Sea basins. The effect of incorporating this rotation in our older recontructions is to clo e the lselin Bank back towards the Cape Adare margin in the older reconstructions.
Although not as well constrained, our reconstructions for Chrons 24 and 27 suggest that there was some additional opening between East and West Antarctica in that time interval. The strongest evidence for thi s extension is the appearance of a gap between the Lord Howe Ri e and Campbell Plateau in our Chron 27 reconstruction, if no additional motion between East and West Antarctica is included [Cande et al., 2000b] . In our reconstructions we use the rotation of Cande et al. [2000a] to close up the basins between Cape Adare and the Hallett Ridge by roughly 150 km between Chrons 8 and 20, and we use the same pole with a small incremental angle to close these ba in by an additional 50 km between Chrons 24 and 27 (Table 4 ). The timing of this earlier stage of separation is poorly constrained and it may have occurred at a slower rate over the entire interval CANDE AND STOCK 9 
Tasman Sea and South Tasman Rise
The Ta man Sea was generated by seafloor spreading that started a little before Chron 34 (83 Ma) and ended hortly after Chron 24 (53 Ma) [Hayes and Ringis, 1973; Weisse! and Hayes, 1977] . During this period the Lord Howe Rise rotated away from Australia. Because the Lord Howe Rise did not originate as a single rigid continental fragment, but instead as many smaller fragments, the opening history of this basin was quite complex [e.g. Gaina et al. , 1998 ]. We have u ed i ochrons and rotations from Gaina et al. [ 1998] for our reconstructions (Table 5) . Seafloor spreading was only actively occurring in the Tasman Sea in our two oldest reconstructions (Chrons 24 and 27). The Lord Howe Rise had consolidated into one rigid block by Chron 27, so we treat thi continental fragment as a single rigid plate in our reconstructions.
The South Tasman Rise consists of two continental fragments that were moving relative to Australia in the late Cretaceous and early Tertiary [Exon et al., 1996; Royer and Roi/et, 1997] . Prior to roughly Chron 30 (67 Ma) these pieces were attached to Antarctica and there was a period of either continental stretching or slow seafloor spreading between Tasmania and Antarctica [Exon et al., 1997: Royer and Roller. 1997] . Around Chron 30 the locus of separation jumped to the south and rifted the eastern part of the South Tasman Rise from Antarctica, possibly leaving a fossil preading center south of Ta mania [Royer and Roller, 1997] . We show the location of this fossil spreading center with a line of triangles in Figure 2 . Around Chron 30 spreading developed between Australia and West Antarctica at the ite of the ella Dan Rift (in the South Tasman Sea) and Scott Rift (north of the Iselin Bank) [Lawver and Gahagan, 1994; Conde et al., 2000a] . The boundary between Australia and Antarctica jumped southwards again around Chron 18 (40 Ma), at which time the western South Tasman Rise was plit off from Antarctica and joined to the eastern South Ta man Rise [Royer and Roller, 1997] . In our reconstruction we u e a slightly different scenario than that used by Royer and Ro/let [1997] for the pieces of the South Tasman Ri e, in as much as we have the western South Tasman Rise eparating from Antarctica at Chron 20 instead of Chron 18, but the differences are barely visible in the reconstructions.
Southeast Tasman Sea and the Emerald Basin
Starting around Chron 20 there was seafloor spreading along the Pacific-Australia plate boundary south of ew Zealand [Weisse[ et al., 1977; Sutherland. 1995) . This episode of seafloor spreading generated the oceanic crust in the Emerald Basin and Southeast Tasman Ocean Crust (STOC). Starting around 31 Ma, spreading became more and more oblique until, around 12 Ma, motion along the boundary became essentially strike-slip [Lamarche et al., 1997] . Several recent studies have mapped the fracture zones and anomalies in these basins [Massell et al., 2000; Wood et al., 2000; Keller, 2003) . We show isochrons for anomalies 8, 13 and 17 based on data presented in Keller [2003) . In our reconstructions, the relative motion of these two formerly conjugate pieces of ocean crust is determined by the circuit linking the Australia (Lord Howe Rise), East Antarctica, West Antarctica and Pacific plates.
RECO STRUCTIO S
In the following reconstructions (Figure 3a-h) we show the tectonic evolution of the Australia, ew Zealand and Pacific sector of Antarctica from Chron 27 to present. The pecific times of the reconstruction are Chrons 27m (61.1 Ma). 240 (53.3 Ma), 200 (43 .8 Ma), 130 (33.5 Ma), 80 (26.6 Ma), 60 (20. l Ma) and So (10.9 Ma). where "m'" and "o" refer to the middle and old end of the normal polarity interval , re pectively. The objective of these figure is to show the evolution of the oceanic crustal regions and to indicate the constraint that exist from magnetic anomalies and fracture zone on the motion of the surrounding continental plates. However. no attempt has been made to depict the actual location of plate boundaries where they cut through continents since in many cases these are poorly known. For example, we do not show the location of the boundary between the Campbell Plateau and Lord Howe Rise in these reconstructions other than along the present day Alpine Fault. In addition we do not anempt to reconstruct the plate boundary that must have existed on the north side of the Lord Howe Ri e and orth Island of New Zealand. A discussion of the implications of these reconstructions for the continental areas i given in Stock and Conde [2002) . East Antarctica is held fixed in all of the reconstructions. Active plate boundarie are hown by bold lines, fossil spreading center by lines of triangles, and triple junction traces and oceanic rifted boundaries by lines of dots. Spreading continues on the SEIR and Pacific-Antarctic ridge at a moderate rate. The boundary between the Australian and Pacific plates is dominated by strike slip motion taken up along the Macquarie Ridge complex. The transform fault connecting the southwesternmo t spreading segment on the Pacific-Antarctic ridge to the Macquarie triple junction has grown to a length of over 1000 km.
Present (Figure 3h)
Spreading rates have increased noticeably on the SEIR and Pacific-Antarctic ridges but are still moderate (25-35 mm/yr). There has been a late eogene clockwise rotation in spreading direction on both ridges. On the Pacific-Antarctic ridge thi has resulted in the development of a staircase of mall ridge segments and moderate length transform faults replacing the single long tran form at the outh end of the Pacific-Antarctic ridge.
SUMMARY
The reconstructions presented here document the separation of Australia, Antarctica and New Zealand in the Cenozoic and the development of a deepwater passageway between the South Tasman Rise and Antarctica. At Chron 27 (61. I Ma). Tasmania blocked the eastern end of the Au tralia-Antarctic Basin to deepwater circu lation and the fragments of the South Tasman Ri e were adjacent to Antarctica. The Iselin Bank was adjacent to Northern Victoria Land and the western Ro s Sea Basins were much smaller. Between Chrons 27 and 20 (43.8 Ma) the width of the Australia-Antarctic Basin grew very slowly and the eastern end remained blocked to deepwater circulation by Ta mania and the saddle between Tasmania and the South Ta man Rise. The Iselin Bank was slowly separating from orthern Victoria Land and there was some extension in the we tern Ross Sea Basins. Chron 24 (53.3 Ma) saw the ces ation of spreading in the Tasman Sea and a dramatic decrea e in spreading rate on the Pacific-Antarctic ridge.
Around Chron 20 (43.8 Ma) there was a significant acceleration in the spreading rate on the SEIR, the western fragment of the South Tasman Rise separated from Antarctica, there was faster separation between East and We t Antarctica, particularly in the Adare Basin, and spreading developed between the Pacific and Australian plates in the Emerald Basin and STOC region. A hallow passage through the gateway would have existed in the saddle between Tasmania and the South Tasman Rise. Around Chron 13 (33.5 Ma) the South Ta man Rise cleared the last promontory of the Antarctic continental margin. allowing the development of the Antarctic Circumpolar Current in the early Oligocene [Kennett et al.. 1975; Exon, Kennett. Malone et al., 2001) . It should be noted that the latest tudies (e.g. Barker, 200 I) indicate that the other key gateway, the Drake Pas age, opened several million years later. Separation between East and West Antarctica cea ed around Chron 8 (26.6 Ma) which also roughly marked the time that motion between the Australia and Pacific plates became more transcurrent, leading to the development of the Macquarie Ridge into a primarily strike-slip boundary by Chron 5 (10.9 Ma).
